of the neurons can be observed in regions of the CNS Glanzman. Long-term effects of axotomy on excitability and to which they ordinarily never project (Steffensen et al. growth of isolated Aplysia sensory neurons in cell culture: potential 1995). This result indicates that peripheral axonal injury role of cAMP. J. Neurophysiol. 79: 1371Neurophysiol. 79: -1383Neurophysiol. 79: , 1998. Crushing causes central sprouting of Aplysia sensory neurons. The nerves, which contain the axons of central sensory neurons, in electrophysiological effects of axonal injury on sensory neuAplysia causes the neurons to become hyperexcitable and to sprout rons begin to appear within Ç10 h (Gunstream et al. 1995; new processes. Previous experiments that examined the effects of Walters et al. 1991) , and both the electrophysiological and axonal injury on Aplysia sensory neurons have been performed in morphological effects persist for weeks after nerve crush.
, and both the electrophysiological and axonal injury on Aplysia sensory neurons have been performed in morphological effects persist for weeks after nerve crush.
the intact animal or in the semi-intact CNS of Aplysia. It therefore
The long-term electrophysiological and structural changes has been unclear to what extent the long-term neuronal consequences of injury are due to intrinsic or extrinsic cellular signals. that take place in Aplysia sensory neurons after axonal injury To determine whether injury-induced changes in Aplysia sensory are strikingly reminiscent of those that occur in these cells neurons are due to intrinsic or extrinsic signals, we have developed during long-term behavioral sensitization. This form of nonan in vitro model of axonal injury. Isolated central sensory neurons associative learning is induced by repeated presentation of grown for 2 days in cell culture were axotomized. Approximately noxious stimuli, such as electrical shocks to the animal's 24 h after axotomy, sensory neurons exhibited a greater excitabil-head or tail (Frost et al. 1985; Pinsker et al. 1973) . Stimuli ity-reflected, in part, as a significant reduction in spike accommo-that induce long-term behavioral sensitization in Aplysia dation-and greater neuritic outgrowth than did control (unaxo- have been shown to result in long-term reduction of the Stomized) neurons. Rp diastereoisomer of the cyclic adenosine type K / current, which is thought to enhance excitability of 3, , an inhibitor of protein the sensory neurons (Scholz and Byrne 1987; see also Byrne kinase A, blocked both the reduction in accommodation and increased neuritic outgrowth induced by axotomy. Rp-cAMPS also and Kandel 1996); long-term enhancement of transmission blocked similar, albeit smaller, alterations observed in control sen-at sensorimotor synapses (Frost et al. 1985) ; and a longsory neurons during the 24-h period of our experiments. These term increase in the number of branches and varicosities on results indicate that axonal injury elevates cAMP levels within the neurites of sensory neurons (Bailey and Chen 1983 , Aplysia sensory neurons, and that this elevation is directly responsi-1988).
ble, in part, for the previously described long-term electrophysioThere is considerable understanding of the cellular and logical and morphological changes induced in Aplysia sensory neu-molecular bases of behavioral sensitization in Aplysia. Thus rons by nerve crush. In addition, the results indicate that control it is known that sensitizing stimuli activate serotonergic fasensory neurons in culture are also undergoing injury-related eleccilitatory interneurons within the CNS of Aplysia (Glanzman trophysiological and structural changes, probably due to cellular Mackey et al. 1989) . Serotonin (5-HT), released processes triggered when the neurons are axotomized during cell culturing. Finally, the results provide support for the idea that from the terminals of these interneurons, binds to receptors the cellular processes activated within Aplysia sensory neurons by on sensory neurons (Kistler et al. 1985; Zhang et al. 1991) , injury, and those activated during long-term behavioral sensitiza-thereby causing an elevation in adenosine 3,5-cyclic tion, overlap significantly. monophosphate (cAMP) within these neurons (Bernier et al. 1982; Ocorr et al. 1986 ). The increased levels of cAMP within the sensory neurons enhance evoked release of trans-
I N T R O D U C T I O N
mitter from the sensory neuron terminals, producing facilitaInjury of central mechanoreceptive sensory neurons, tion of synapses between the sensory neurons and their folwhich mediate defensive withdrawal reflexes of the marine lower cells (Brunelli et al. 1976; Ghirardi et al. 1992; Klein mollusk Aplysia californica, induces several long-term elec-1993) . This presynaptic facilitation of the sensorimotor syntrophysiological alterations in the cells. Thus crushing apses contributes to sensitization of the withdrawal reflexes. nerves, which contain the axons of the sensory neurons, An intracellular rise in cAMP has additional physiological causes these neurons to become hyperexcitable, broadens actions in Aplysia sensory neurons that are believed to contheir action potentials, and induces long-term facilitation of tribute to behavioral sensitization. Thus increased levels of transmitter release from their terminals (Gunstream et al. cAMP reduce K / currents within sensory neurons (Gold-1995; Walters et al. 1991) . In addition to these electrophysi-smith and Abrams 1992; Hochner and Kandel 1992; Scholz ological changes, axonal injury triggers morphological and Byrne 1988), broaden the action potential of sensory changes in Aplysia sensory neurons. Specifically, after dam-neurons (Baxter and Byrne 1990; age to the peripheral processes of tail sensory neurons, the Kandel 1978; although see Klein 1994) , and induce hyperexcitability of sensory neurons, reflected both as a reduction cells bodies of which lie in the central pleural ganglia, pro-ters of pleural ganglia of A. californica (Walters et al. 1983 ). The in spike accommodation to prolonged current pulses (see cell culture methods have been described previously (Rayport and further) and a decrease in spike threshold (Baxter and Byrne Schacher and Proshansky 1983) . The sensory neu-1990; Klein et al. 1986 ). Furthermore, just as repeated applirons were dissociated individually and placed into cell culture far cation of painful or noxious stimulation leads to long-term apart from one another so that their processes did not touch. Occabehavioral sensitization (Frost et al. 1985) , repeated or pro-sionally, we observed glia cells in some of our cell cultures. Such longed application of either 5-HT or cAMP induce persistent cultures were discarded; all of the cultures used for these experielectrophysiological and morphological changes in Aplysia ments consisted entirely of isolated sensory neurons. The cultures sensory neurons that mimic those observed during long-term were housed in a large capacity incubator (model 3919, Forma sensitization. Among these changes are a reduction of K / Scientific, Marietta, OH) at 18Њ for 2 d before the start of the experiments. After the completion of electrophysiological testing current (Scholz and Byrne 1988) , reduction in accommodaon day 1, the cell cultures were placed back into hemolymphtion (Dale et al. 1987) , increased presynaptic release (Dale containing culture medium and returned to the incubator until test- Montarolo et al. 1986; , ing on the following day. Some of the sensory neurons were axoand structural remodeling ; Nazif et tomized before being returned to the incubator (see further). al. 1991; O'Leary et al. 1995; .
The similarity between the effects on Aplysia sensory neuElectrophysiology and axotomy rons of injury and of stimuli that induce long-term sensitization has led to the proposal that injury and sensitization-
The experiments were performed at room temperature (20-22Њ).
inducing stimuli trigger some of the same intracellular sig-Before the start of each recording session, the hemolymph-connals within the sensory neurons (Walters and Ambron taining culture medium was washed out of the culture dish and 1995). However, the evidence that injury precipitates the replaced with perfusion medium (50% sterile artificial seawater and 50% sterile Liebowitz-15 (L-15, Sigma, St. Louis, MO) plus same cellular changes as do sensitizing stimuli has come appropriate salts. This medium was perfused through the culture predominately from experiments performed on either intact dish at 0.4 ml/min. We intracellularly stimulated and recorded from Aplysia or isolated ganglia maintained in organ culture. This the sensory neurons using standard techniques (Lin and Glanzman raises the question of to what extent the effects of nerve 1994b). The electrophysiological data were recorded and digitized crush are actually due to cellular signals intrinsic to the with a MacLab 2e system (ADInstruments, Castle Hill, Australia). sensory neurons. It is possible that these effects are due, Before testing a neuron's accommodation to prolonged pulses of instead, to extrinsic signals, such as neurotransmitters (or constant current, we measured its input resistance and spike threshother substances) released by damaged nonsensory neurons old. The input resistance was measured by injecting brief pulses the axons of which also run in the crushed nerves; to factors of 0.1 nA negative current into the sensory neuron. Spike threshold released from glial or other support cells; or-in the case of was determined by injecting the sensory neuron with a graded series of 30-ms pulses of positive current. The single action potenexperiments on intact Aplysia-to a neuroimmune response tial triggered in the threshold measurement was used for the meaproduced by tissue damage. Indeed, many of the physiologisurement of spike duration; spike duration was measured as the cal effects of nerve crush on sensory neurons can be mimtime between the peak of the action potential and the return of the icked simply by loosely ligating nerves that contain the ax-membrane potential to baseline. After measuring a sensory neuons of sensory neurons, a manipulation that neither damages ron's input resistance and spike threshold, we tested its accommothe axons nor disrupts their ability to conduct action poten-dation. This was done by injecting the neuron with 2-s pulses of tials (Clatworthy et al. 1994) . Furthermore, molluscan he-various levels of positive current; the current levels were 0.5-4 mocytes-cells that mediate the immune response in mol-nA. After the electrophysiological tests of accommodation had lusks-have been reported to contain 5-HT together with been performed, some sensory neurons were axotomized with a the cellular machinery for its rapid release (Stefano et al. glass microneedle. We cut through the major neurite of each cell approximately halfway down its length, and the severed distal por-1989). It is therefore difficult, if not impossible, to disentantion of the neurite then was removed from the culture dish. Approxgle the potential contribution of intrinsic, injury-induced sigimately 24 h later, the sensory neurons were reimpaled and their nals from extrinsic signals-such as foreign body reactions electrophysiological properties reassessed.
of the nervous system-in whole-animal or organ-culture preparations.
Application of PKA inhibitor To address the question of whether the effects of nerve crush on sensory neurons of Aplysia are due to intrinsic
In the experiments testing the effects of PKA inhibition, Rp signals, we have developed a cell culture model of axonal diastereoisomer of the cyclic adenosine 3,5-monophosphorothiinjury. In addition, we have exploited this in vitro model ate (Rp-cAMPS, RBI) was first dissolved in 250 ml of L-15 and system to test the hypothesis that at least some of the electro-then pipetted into the cell culture dishes in a final concentration of 500 mM in the hemolymph-containing culture medium. This physiological and morphological effects of injury are due to was done after the electrophysiological tests, just before returning a rise of cAMP and activation of protein kinase A (PKA).
the cell cultures to the incubator. In the axotomy experiments, the Some of our results have been published previously in abRp-cAMPS was added to the cell culture dishes 2-3 min before stract form (Bedi and Glanzman 1996; Salim and Glanzman the axons of the sensory neurons were severed. The cells remained 1995).
in the Rp-cAMPS-containing medium until the start of electrophysiological testing on day 2 of the experiments.
M E T H O D S

Assessment of morphology Cell cultures
All of the cell cultures in our study consisted of isolated mechaTo determine the structural complexity of a sensory neuron, we photographed its entire outgrowth on days 1 and 2 with a chargenosensory neurons that had been removed from ventrocaudal clus-coupled device (CCD) camera (Hamamatsu Photonics, Oak Brook, significant decreases in spike accommodation on the second IL). The complexity of the neuron's structure was assessed by day of the experiment. (In this set of experiments, we tested comparing the number of branch points on day 1 with those on the accommodation of sensory neurons with just 1 nA of day 2. If a neuron had only a single main neurite with no branch current rather than multiple levels of current.) Thus the mean points, the neuron was assigned a branch point value of 1.0.
number of action potentials fired by control cells (n Å 14) in response to a 2-s pulse of 1 nA current was 3.9 { 1.0 on Statistics day 1 and 7.8 { 2.3 on day 2 (P õ 0.04). The mean number of action potentials fired by axotomized cells (n Å 14) was
Within group statistical comparisons (day 1 vs. day 2) were 3.3 { 0.5 on day 1 and 10.7 { 2.0 on day 2 (P õ 0.004).
made with paired t-tests. Statistical comparisons between two dif-(There was no significant difference between the number of ferent experimental groups were made with nonparametric MannWhitney tests, as stated in the text. All indicated levels of statistical action potentials evoked on day 1 in the control and axotomsignificance represent two-tailed values, unless otherwise indi-ized cells; P ú 0.9, Mann-Whitney test.) Although both cated.
groups exhibited a significant reduction in spike accommodation on the second day of the experiment, the reduction was significantly greater in axotomized sensory neurons, just
as in our first set of experiments. Thus whereas the mean Axotomy causes a long-term reduction in spike increase in the number of action potentials was 3.8 { 1.6 accommodation of isolated Aplysia sensory neurons in cell from day 1 to day 2 in the control group, the mean increase culture was 7.4 { 2.1 in the axotomized group (P õ 0.05, 1-tailed value, Mann-Whitney test). In the first set of experiments, we tested the effect of In addition to reducing accommodation, axotomy had axotomy on the spike accommodation of isolated sensory other long-term effects on the electrophysiological properties neurons in culture. When stimulated with prolonged pulses of isolated sensory neurons in culture. There was a signifiof positive current, Aplysia sensory neurons typically accomcant decrease in the current required to evoke a single action modate-i.e., they fire only at the beginning of the current potential in the cells following axotomy. The mean spike pulse (Baxter and Byrne 1990; Klein et al. 1986 ). After threshold for axotomized cells decreased from 0.53 nA on their accommodation had been assessed, some of the neurons day 1 to 0.41 nA on day 2 ( P õ 0.004, n Å 14). By contrast, (axotomized) in the culture dish were axotomized. Nothing the spike threshold did not change significantly in the control was done to the other (control) sensory neurons in the dish. cells (0.50 nA on day 1 vs. 0.52 nA on day 2; P ú 0.8, n Å When tested on the second experimental day, control neu-14). In addition, axotomy produced an increase in the input rons (n Å 17) exhibited a modest, albeit significant, decrease resistance of the cell membrane of sensory neurons. The in spike accommodation. Collapsed across all the current mean input resistance of the axotomized cells was 50.3 { levels tested, the mean number of spikes rose from 6.9 { 3.8 MV on day 1 and 59.3 { 4.2 MV on day 2 (P õ 0.04, 0.8 on day 1 to 8.4 { 1.0 on day 2 (P õ 0.01; Fig. 1, A n Å 14). The input resistance in the control cells, on the and D). The axotomized sensory neurons (n Å 11) exhibited other hand, decreased from day 1 (61.3 { 5.1 MV) to day 2 a greater decrease in accommodation than did the controls, (50.1 { 4.0 MV), although this decrease was not statistically however. The mean number of spikes in axotomized neusignificant (P ú 0.09, n Å 14). The difference between the rons, collapsed across all current levels, was 6.0 { 0.9 on mean input resistances of the control and axotomized groups day 1 and 17.0 { 1.5 on day 2 (P õ 0.0001 for the day on day 1 was not statistically significant (P ú 0.1, Mann-2 0 day 1 difference; Fig. 1, B and E) . The day 2 0 day 1 Whitney test). Although axotomy significantly increased the difference score for the axotomized group (11.0 { 1.5) was input resistance of the sensory neurons, the 18% change in significantly greater than that for the control group (1.5 { input resistance would seem unlikely to fully explain the 0.6) (P õ 0.0001, Mann-Whitney test; Fig. 1C ). [There more than threefold reduction in accommodation observed were no significant differences between the control and axoin axotomized neurons. Furthermore, Dale et al. (1987) tomized cells with respect to the number of spikes evoked found that repeated applications of 5-HT induced dramatic by the various levels of injected current on day 1 (P ¢ long-term reductions in spike accommodation in cultured 0.3, Mann-Whitney tests).] Severing the axons of isolated sensory neurons-similar to those induced by axotomysensory neurons in dissociated cell culture therefore results without causing a significant increase in input resistance. in intrinsic intracellular signals that trigger a long-term enIt is possible, however, that the relationship between input hancement in the excitability of the neurons. resistance and accommodation is highly nonlinear in sensory neurons.
Axotomy induces other long-term electrophysiological
We failed to find significant changes in other electrophysichanges in cultured sensory neurons in culture and ological properties of sensory neurons after axotomy. Thus increases outgrowth of neurites the duration of a single action potential increased for both axotomized cells (10.1 { 2.4 ms on day 1 vs. 13.1 { 3.7 In a second series of experiments, we examined axotomy's effect not only on spike accommodation but also on other ms on day 2,) and control cells (13.0 { 3.6 ms on day 1 vs. 13.8 { 5.4 ms on day 2; Fig. 2 ), but in neither group properties of sensory neurons that are altered by 5-HT or cAMP (see INTRODUCTION ) . Specifically, we also quantified was this increase statistically significant (P ú 0.5 for each comparison). Neither were there significant changes in the changes in input resistance, spike threshold, spike duration, and neurite outgrowth after axotomy. In our second set of resting potentials of the sensory neurons in the control or axotomized groups. The mean resting potential of the control experiments, both control and axotomized cells exhibited J918-6 / 9k26$$mr15 02-10-98 08:30:59 neupa LP-Neurophys FIG . 1. Axotomy causes hyperexcitability of isolated sensory neurons in culture. A: number of action potentials evoked in control (unaxotomized) neurons on days 1 and 2 in response to injections of different levels of depolarizing current. Graphs in A-C depict means { SE. B: number of spikes evoked in neurons that were axotomized after electrophysiological testing on day 1. C: graph of the changes in number of spikes evoked on the 2 days of the experiment for axotomized and control cells. D: examples of the responses of a control cell to injections of positive current on days 1 and 2. Neuron fired 2 spikes in response to 1 nA of current on both days 1 and 2. It fired 7 spikes in response to 3 nA of current on day 1 and 12 spikes on day 2. E: examples of the responses of an axotomized cell to injections of positive current on days 1 and 2. Neuron fired 1 spike in response to 1 nA of current on day 1 and 7 spikes on day 2. It fired 8 spikes in response to 3 nA of current on day 1 and 31 spikes on day 2. Records for day 1 were made before axotomy. Scale bars Å 40 mV and 500 ms. cells (n Å 14) was 44.6 { 1.3 mV on day 1 and 43.0 { 1.8 neurons (n Å 14) went from 10 { 1.7 on day 1 to 12.2 { 2.2 on day 2 (P õ 0.003; Fig. 3A) . The mean number of mV on day 2 (P ú 0.4). The mean resting potential of the axotomized cells (n Å 14) was 44.3 { 1.3 mV on day 1 branch points per cell for axotomized sensory neurons ( n Å 14) went from 9.1 { 1.9 on day 1 to 13.6 { 2.4 on day 2 and 44.6 { 1.2 mV on day 2 (P ú 0.9).
(P õ 0.001; Fig. 3B ). As was the case for the reduction in In addition to the electrophysiological changes described accommodation, axotomy enhanced the increase in structural above, we observed long-term structural changes in both complexity observed on the second day of the experiments. control and axotomized sensory neurons in culture. In particular, the outgrowth of the neurons in both groups was more This is reflected in a comparison of the difference scores for the changes in branch point number from day 1 to day 2 for complex on the second day of the experiment, as reflected in the number of branch points on their neurites. Thus the the control and axotomized groups, which indicated that the number of branch points increased significantly more in the mean number of branch points per cell for control sensory J918-6 / 9k26$$mr15 02-10-98 08:30:59 neupa LP-Neurophys Fig. 3C ). The difference between the mean number of branch points in the outgrowth of axotom-4B). Rp-cAMPS also blocked the long-term structural changes in sensory neurons (Fig. 5, A and B) . The mean ized and control neurons on day 1 of the experiments was not significant (P ú 0.6, Mann-Whitney test).
number of branch points per cell for control/Rp-cAMPS neurons (n Å 8) was 8.1 { 2.0 on day 1 and 9.1 { 1.6 on day 2 (P ú 0.
2). The mean number of branch points per Rp-cAMPS inhibits the increases in excitability and
cell for the axotomized/Rp-cAMPS neurons (n Å 9) was neuritic outgrowth due to axotomy 9.7 { 1.7 on day 1 and 10.8 { 1.5 on day 2 (P ú 0.4). The change from day 1 to day 2 in the mean number of It has been suggested that the previously reported longbranch points per cell did not differ significantly between term, injury-induced changes in Aplysia sensory neurons the control/Rp-cAMPS and axotomized/Rp-cAMPS neumight be due to activation of PKA and its subsequent stimurons (P ú 0.9, Mann-Whitney test; Fig. 5C ). Finally, the lation of cyclic AMP response-element-binding-protein presence of Rp-cAMPS blocked the changes in spike thresh-(CREB)-driven gene expression (Walters and Ambron old and input resistance induced by axotomy. The mean level 1995). As a first step in determining the potential role of of current required to evoke a single action potential in the cAMP-inducible genes in the long-term alterations in senaxotomized/Rp-cAMPS cells (n Å 12) was 0.74 { 0.05 nA sory neurons in cell culture after axotomy, we tested whether on day 1 and 0.80 { 0.07 nA on day 2 (P ú 0.2). The an inhibitor of PKA, Rp-cAMPS, could block these longmean input resistance of the axotomized/Rp-cAMPS cells term changes. The protocol for these experiments was simi-(n Å 12) was 44.6 { 3.3 MV on day 1 and 41.0 { 2.7 MV lar to that of our earlier experiments with the exception on day 2 (P ú 0.3). that, after electrophysiological recording and morphological inspection, perfusion medium in the cell culture dish was replaced with culture medium containing Rp-cAMPs (500 Electrophysiological and structural alterations in control mM) 2-3 min before any of the neurons in the dish under-sensory neurons appear to be due to axotomy during cell went axotomy. Then, after performing the axotomies, the culturing dish was placed back into the cell culture incubator. The cells remained in the Rp-cAMPs-containing culture medium for
We were intrigued by the significant changes in both accommodation and neuritic outgrowth from day 1 to day 2 the entire 24-h period until electrophysiological recording on day 2 of the experiment.
exhibited by the control sensory neurons (Figs. 1, A and D, and 3, A and C). Although these electrophysiological and The presence of Rp-cAMPS blocked long-term changes in accommodation in sensory neurons (Fig. 4A) . Thus the structural changes were significantly less than those in the axotomized neurons, we wished to understand their origin. mean number of action potentials evoked by 1 nA of current in control/Rp-cAMPS cells (n Å 10) was 1.6 { 0.2 spikes Injury-induced intracellular signals similar to those triggered by axotomy may have been stimulated by damage of control on day 1 and 1.5 { 0.7 spikes on day 2 (P ú 0.6), whereas the mean number of action potentials evoked in axotomized/ neurons due to their intracellular impalement on day 1. An alternative explanation, however, is suggested by the considRp-cAMPS cells (n Å 12) was 1.6 { 0.2 spikes on day 1 and 1.6 { 0.2 spikes on day 2 (P ú 0.9). In addition, the eration that neurons in the control group had been axotomized during their dissociation from the CNS. Possibly, injury change from day 1 to day 2 in the mean number of action potentials evoked by the 1-nA current pulse did not differ during dissociation stimulated the identical cellular pro- FIG . 3. Axotomy induces increased neurite outgrowth in cultured sensory neurons maintained in normal culture medium. A1: photomicrograph of a control sensory neuron on day 1. A2: photomicrograph of the control sensory neuron in A1 on day 2. Bar, 25 mm. B1: photomicrograph of an axotomized sensory neuron on day 1 before axotomy. r, point at which the cell's neurite was severed. B2: photomicrograph of the sensory neuron in B1 immediately after axotomy. B3: photomicrograph of the sensory neuron in B, 1 and 2, on day 2. Note dramatically increased outgrowth compared with day 1. Bar, 25 mm. C: changes in the number of branch points for control and axotomized neurons maintained in normal culture medium throughout the experiment. *, difference between the two groups with respect to change in branch point number is statistically significant (see RESULTS ).
cesses stimulated by axotomy on day 1 of our experiments, excitability). Afterward the electrode was removed, and the cell's outgrowth photographed. The cell then was placed although the injury-induced processes may have been less strongly activated during dissociation or their cellular conse-back into cell culture medium and returned to the incubator.
Sensory neurons in a second group (unimpaled controls) quences may have taken longer to develop. To determine which of these two possibilities was correct, we compared were treated identically to the impaled controls except that the cells were not impaled with intracellular electrodes. neuritic outgrowth during the 24-h period between days 1 and 2 in two groups of cells. In the first group (impaled When inspected 24 h later, both groups of sensory neurons exhibited significant increases in outgrowth, as indicated by controls), the sensory neurons were treated like the control cells in our previous experiments except that after intracellu-an increase in the number of branch points on their neurites (mean number of branch points per cell for impaled conlarly impaling a cell and causing it to fire a single action potential, the electrode was simply left in the cell for 3-5 trols Å 10.5 { 1.3 on day 1 and 12.7 { 0.9 on day 2, P õ 0.03; mean number of branch points per cell for unimmin (the approximate time required to carry out the tests of paled controls Å 8.6 { 1.1 on day 1 and 11.3 { 1.5 on day more, the hemolymph also may have contained immunocytes 2, P õ 0.03). However, there was no significant difference because it was not filtered to remove immune cells. It is between the amount of enhanced outgrowth exhibited by the therefore possible that growth factors and/or immunocytes two groups of neurons between days 1 and 2 (P ú 0.8, in the hemolymph contributed to at least some of axotomy's Mann-Whitney test). These morphological results suggest effects on sensory neurons documented here (although see that the reduction in accommodation and enhanced neuritic Ambron et al. 1996) . We have yet to perform similar experioutgrowth we observed in the control neurons in our other ments in hemolymph-free medium to test this possibility. experiments were not due to injury caused by intracellular Nevertheless, we consider a significant contribution from impalement; rather, they appear to have been due to ongoing immune cells to the effects we observed unlikely. Notice cellular processes originally triggered when the neurons were that even if growth factors or immunocytes were present in axotomized before dissociating them from the pleural gan-the hemolymph, their concentration in the cell culture meglion. dium would have been diluted by the L15, which constituted 50% of the cell culture medium (see Schacher and Proshansky 1983) .
D I S C U S S I O N
In addition to providing evidence that axonal damage genEffects of axotomy on sensory neurons are mediated in erates intrinsic signals in sensory neurons that directly induce part by intrinsic, cAMP-dependent cellular signals long-term, learning-like changes in these neurons, our results provide the first compelling evidence that injury activates the The present results provide strong evidence that axonal cAMP-dependent second messenger pathway within Aplysia injury per se can induce long-term electrophysiological and sensory neurons. Axotomy's electrophysiological and mormorphological changes in Aplysia sensory neurons similar phological effects on the sensory neurons are blocked when to those previously observed after nerve crush in intact the axotomized sensory neurons are treated with the specific Aplysia or in the intact CNS of Aplysia (Clatworthy and PKA inhibitor Rp-cAMPS. The ability of the PKA inhibitor Walters 1994; Gunstream et al. 1995; Steffensen et al. 1995;  to block injury's long-term physiological and morphological Walters et al. 1991) . Specifically, we found that axotomizing changes in Aplysia sensory neurons, in turn, implicates PKAisolated sensory neurons in cell culture produces a decrease dependent gene transcription in these long-term changes. in spike accommodation, a decrease in spike threshold, an Many of axotomy's effects on Aplysia sensory neurons increase in membrane resistance, and increased defasciculaare similar to those of 5-HT (see INTRODUCTION ). The antition and neuritic outgrowth. Thus these axotomy-induced accommodative effect of 5-HT on the sensory neurons is effects do not depend on the presence of other, nonsensory mediated by modulation of the S-type K / current (I KS ) (Baxneurons or glia, because such cells were absent from our ter and Byrne 1990; Byrne and Kandel 1996 ; Ghirardi et cultures. The cell culture medium in our experiments conal. 1992; Goldsmith and Abrams 1992; Klein et al. 1986 ); sisted of 50% Aplysia hemolymph. As has been pointed out modulation of I KS , in turn, appears to be predominately due previously (e.g., Schacher and Proshansky 1983) Axotomy-induced increase in neurite outgrowth is blocked by inhibition of PKA. A1: photomicrograph of a control sensory neuron on day 1. A2: photomicrograph of the control sensory neuron in A1 on day 2. Neuron was maintained in culture medium containing Rp-cAMPS between days 1 and 2. Bar, 25 mm. B1: photomicrograph of an axotomized sensory neuron on day 1 before axotomy. r, point at which the cell's neurite was severed. B2: photomicrograph of the sensory neuron in B1 immediately after axotomy. B3: photomicrograph of the sensory neuron in B, 1 and 2 on day 2. Neuron was maintained in culture medium containing Rp-cAMPS between days 1 and 2. Bar, 25 mm. C: changes in the number of branch points for control and axotomized neurons maintained in RpcAMPS-containing medium between days 1 and 2.
PKA within Aplysia sensory neurons but also activates pro-current (I KV ) (Baxter and Byrne 1989; Byrne and Kandel 1996) . Interestingly, we did not find that axotomizing sentein kinase C (PKC) (Sacktor and Schwartz 1990; Sossin and Schwartz 1992) . Recent evidence indicates that PKC sory neurons in vitro produced statistically significant spike broadening, at least in the case of single action potentials plays an important role in the cellular changes underlying 5-HT-induced facilitation of sensorimotor synapses (Braha evoked by threshold levels of current. This contrasts with the results observed after nerve crush (Gunstream et al. 1995; Byrne and Kandel 1996; Ghirardi et al. 1992; Sugita et al. 1992 Sugita et al. , 1994 . In particular, PKC-mediated Walters et al. 1991) . The absence of a significant effect of axotomy on spike broadening in the case of cultured neurons changes in Aplysia sensory neurons are thought to mediate the so-called ''spike-broadening independent'' process in-may indicate that axotomy predominantly affects PKA levels in sensory neurons. However, we only examined spike duraduced by 5-HT, a process that may involve enhancement of transmitter mobilization or exocytosis (Byrne and Kandel tion at 24 h after in vitro axotomy, and spike broadening may develop relatively slowly compared with the increase 1996). In addition to modulating presynaptic mechanisms of transmitter release, 5-HT-induced activation of PKC also in excitability after axotomy. Therefore, we cannot at present exclude the possibility that axotomy activates PKC, as well contributes to broadening of the sensory neuron's action potential. This spike broadening appears to be due predomi-as PKA, within sensory neurons.
Our results imply that axotomy activates adenylate cyclase nately to modulation of the slow, transiently activated K within the sensory neurons. How might injury trigger activa-cule in Aplysia (Barzilai et al. 1989; Mayford et al. 1992; ). The synthesis of apCAM is decreased tion of adenylate cyclase? The most likely candidate signal by which axotomy activates adenylate cyclase is an elevation shortly after sensory neurons are exposed to 5-HT. In addition, preexisting apCAM molecules on the surface memof intracellular Ca 2/ . Recently Ziv and Spira (1997) have shown that axotomy of isolated Aplysia buccal neurons in brane of sensory neurons are rapidly down-regulated by 5-HT through endocytosis. [This endocytosis is itself depencell culture produces a large, transient rise in intracellular Ca 2/ (to 300-500 mM) at the site of injury. By means of dent on protein synthesis (Bailey et al. 1992a ).] Treating isolated sensory neurons in culture with monoclonal antibodfocal applications of the Ca 2/ ionophore ionomycin, Ziv and Spira further showed that this localized elevation of ies to apCAM for 24 h induces defasciculation and neuritic branching (Mayford et al. 1992) like that which we observed intracellular Ca 2/ was sufficient to trigger the morphological changes in the cultured neurons induced by axotomy. Spe-24 h after axotomy (Fig. 3) . In addition to possibly modulating the expression of genes associated with the down-regulacifically, focal application of ionomycin, like axotomy, triggered the formation of a growth cone from the cut end of the tion of apCAM, axonal injury also appears to alter the expression of genes for a variety of other proteins in Aplysia axon and the subsequent axonal defasciculation and neuritic outgrowth. The morphological remodeling of cultured sensory neurons. Thus Noel et al. (1995) have found that, after crushing central and peripheral nerves, which contain Aplysia neurons observed by Ziv and Spira after axotomy appears identical to those we observed in the present study. the axons of the pleural sensory neurons, there is increased expression of mRNA for actin, intermediate filament protein, This suggests that at least some of the long-term alterations in axotomized sensory neurons also were initiated by a large, and calreticulin in pleural ganglia ipsilateral to the crushed nerves. Although these molecular changes were not specifitransient rise in intracellular Ca 2/ . Because Aplysia neurons possess an adenylate cyclase, which is activated by Ca 2/ / cally localized to the sensory neurons in Noel et al.'s study, it seems reasonable to assume that the changes occurred, to calmodulin (Abrams et al. 1991; Eliot et al. 1989) , such a rise in intracellular Ca 2/ would be expected to induce in-some extent, within sensory neurons, because sensory neurons constitute a significant proportion of the cells in the creased synthesis of cAMP within the neurons.
Intracellular injection of cAMP induces long-term struc-pleural ganglia (see Walters et al. 1983 ). The potential role of the molecular changes described by Noel et al. in the tural changes in Aplysia sensory neurons similar to those we observed after axotomy (Nazif et al. 1991; Schacher et al. electrophysiological and morphological changes we observed remains to be determined. 1993). The cAMP-induced structural remodeling requires protein synthesis because it can be blocked by anisomycin, We do not know the signaling pathway for the presumed genomic changes induced by axonal injury. However, the a protein synthesis inhibitor (see also Bailey et al. 1992b; O'Leary et al. 1995) . These results suggest that a prolonged Rp-cAMPS results suggest that axotomy produces an elevation of cAMP within sensory neurons just as does repeated increase in intracellular cAMP induces protein synthesis in Aplysia sensory neurons and that this protein synthesis, in exposure of the sensory neurons to 5-HT. Furthermore, the large, prolonged increase in cytosolic cAMP induced by turn, causes long-term structural changes in the sensory neurons, including increased branching. Two recent findings repeated 5-HT application has been shown to translocate the free catalytic subunit of PKA from the cytosol to the nucleus provide additional support for such a scenario. First, Bailey et al. (1995) found that blocking the expression of Aplysia (Bacskai et al. 1993) , where it then activates ApCREB1 (Bartsch et al. 1995; Kaang et al. 1993) . Our results suggest CCAAT enhancer-binding protein (ApC/EBP)-an immediate early gene the transcription of which is induced by that axotomy also may cause retrograde diffusion of the catalytic subunit of PKA to, and subsequent translocation both cAMP and 5-HT and which is required for long-term facilitation of the sensorimotor synapses in Aplysia (Alberini into, the nucleus of the injured sensory neuron. One difficulty with this scheme, however, is that colchicine and nocodaet al. 1994) -also blocks the 5-HT-induced long-term structural changes in the sensory neurons. Second, Bartsch zole-drugs that disrupt active axonal transport-have been reported to block hyperexcitability of the sensory neurons et al. (1995) found after injecting antiserum to Aplysia cell adhesion molecule (ApCREB2)-a constitutively ex-after nerve crush in isolated preparations of the nervous system of Aplysia (Gunstream et al. 1995) . These drugs pressed transcription factor that represses the cAMP-induced transcription required for long-term facilitation-into would not be expected to interfere with simple diffusion of retrograde signaling molecules. However, the distance of the Aplysia sensory neurons, a single brief application of 5-HT (which normally induces only short-term facilitation) site of axonal injury from the cell soma in this study-10-20 mm-was significantly longer than those involved in induces both long-term facilitation of sensorimotor synapses and long-term growth in sensory neurons. This work, to-our study, and axonal transport might be required to transport retrograde signals over such a distance. gether with our finding that Rp-cAMPS blocks the axotomyinduced increase in outgrowth and branching of cultured sensory neurons, suggests that axotomy leads to CREB1-Aplysia sensory neurons in dissociated cell culture are driven transcription and translation in Aplysia sensory neu-probably undergoing long-term, injury-induced cellular rons (see Bartsch et al. 1995) . Indeed, Alberini et al. (1994) alterations have reported that dissection causes dramatic induction of ApC/EBP in the CNS of Aplysia.
Since its development by Schacher and colleagues (RayOne protein the synthesis of which may be altered by port Schacher and Proshansky 1983) , injury of sensory neurons is Aplysia cyclic AMP response the Aplysia cell culture system has been a powerful tool for the analysis of cellular and molecular mechanisms of longelement binding protein 2 (apCAM), a cell adhesion mole-J918-6 / 9k26$$mr15 02-10-98 08:30:59 neupa LP-Neurophys term memory (e.g., Alberini et al. 1994; Bailey et al. 1992a ; Such an effect might explain why axotomized sensory neuBARTSCH, D., GHIRARDI, M., SKEHEL, P. A., KARL, K. A., HERDER, S. P., addition to elevated cAMP, required for enhanced neuritic plasmic signals activated in neurons by injury and those BEDI, S. S. AND GLANZMAN, D. L. Rp-cAMPS blocks the axotomy-induced activated by memory-inducing stimuli increases, the chalincrease in excitability and growth of isolated Aplysia sensory neurons in cell culture. Soc. Neurosci. Abstr. 22: 1996. lenge for the future will be to determine the subtle ways in BERNIER, L., CASTELLUCCI, V. F., KANDEL, E. R., AND SCHWARTZ, J. H. which these two sets of signals differ.
